Because of safety concerns and product consistency issues with the use of animal-derived collagen, several recombinant protein expression hosts have been considered for recombinant collagen corn seed. Full length, triple-helical, recombinant collagen (rCIα1) is expressed as a fusion with a foldon domain, which must later be removed. Here we have examined integration of purification and foldon removal by comparing advantages of removal before or after purification, using salt precipitation as the main purification step. Because expression levels in available maize lines are low, Pichia-produced recombinant collagens, both with and without foldon, were added to corn seed germ at the extraction step.
INTRODUCTION
Collagen and gelatin are widely used in the food, cosmetic, and pharmaceutical industries (1) .
The starting materials for collagen and its derived product gelatin are typically animal byproducts, which introduce product variability and the potential for transmission of infective and allergenic agents (1, 2) . The ability to express collagen in the yeast Pichia pastoris with tailored degrees of proline hydroxylation demonstrates the potential to make structural proteins with correspondingly-tailored performance properties (3, 4, 5) specific to applications such as drug delivery and tissue engineering (3, 6) , without the variability and post-processing required of native collagens (6) . Genetically modified amino acid sequences giving rise to collagen-like proteins further expands the possible functionalities (6) . While recombinant collagen has now been expressed in a variety of hosts, purification of the collagen from some promising hosts has not been fully addressed and will be the focus of this paper.
Type I collagen (CIα1) is an assembly of three helical domains forming the structural heterotrimeric helix containing α1(I) and α2(I) chains (5) . The triple helical procollagen molecule contains C-and N-telopeptide domains at the time of assembly, as well as N-and Cterminal peptides (7, 8) . These non-helical sequences (i.e. the foldon) orient the chain to form intermolecular hydrogen bonds, stabilizing the helical form (9, 10) . Stabilization of collagen at physiologically-relevant temperatures also requires expression of prolyl 4-hydroxylase (P4H) for the regioselective post-translational hydroxylation of proline residues (11, 12) . Once synthesized in animal cells, the procollagen is secreted to the intercellular space before proteolytic processing of the C-and N-terminal peptides (13) . After expression of recombinant collagen in other hosts, the terminal peptides can be removed by pepsin hydrolysis, which does not cleave triple-helical regions (14, 15, 16) . have shown the ability to perform the post-translational modifications and protein folding essential for the formation of the mature collagen molecule with its required physical properties (1, 3) . Pichia possesses a tightly regulated methanol induced alcohol oxidase (AOX-1) promoter capable of co-expression of P4H with collagen chains in the endoplasmic reticulum where posttranslational modifications occur (17, 18) . Secretion of collagen chains to the fermentation medium by Pichia cells has been reported, while the intracellularly accumulated triple helical procollagen purification requires cell lysis (4, 19, 20) . In tobacco, hydroxylation of both proline and lysine has been achieved and the capabilities of other hosts are reviewed by Shoseyov et al. (21) Directed accumulation of recombinant proteins in corn grain provides storage stability (22) with product enrichment possible by targeting to specific tissues within the grain (23, 24) .
Recombinant human Type-I collagen alpha 1 (rCIα1) has been expressed in transgenic corn and characterized as having about 1% hydroxyproline content or one tenth the value of fully prolylhydroxylated human CIα1. Further improvements in transgenic lines aimed at bringing accumulation up to commercially acceptable levels (5 g protein/kg grain) and hydroxylation levels up to those of native collagen coupled with the low cost, ease of scale-up and the capability of long term storage of corn seed should make the use of corn expression hosts attractive if low-cost recovery and purification can be achieved (7, 25) .
Native corn seed proteins' solubility in aqueous buffers increases above pH 3.0 (23).
Precipitation from a corn extract by sodium chloride addition following low pH extraction has been used to reduce host cell protein (HCP) levels in recovering recombinant aprotinin in the supernatant (26) . Collagen is suitable for low pH extraction as its solubility increases below pH 4. Solubility decreases with increases in salt concentrations up to 4% w/v (8, 27 ). Purifications of low expression level rCIα1 and a smaller fragment from corn extracted in an acidic buffer (pH 1.8) using hydrophobic interaction (HIC), ion exchange and gel filtration chromatography has demonstrated that high purity fractions of full-length collagen or the fragment can be obtained (7, 8) .
Acidic extraction, preceded by pepsin digestion to facilitate release from the tissue, has been used to extract collagen from fish skins (27) . Pepsin addition, followed by a series of salt precipitations at low and neutral pH were used to purify a recombinant collagen from tobacco (28) . Collagen-like proteins were recovered from E. coli broths using a combination of pepsin degradation of HCP and acid precipitation (29) .
Pepsin addition is also used for recombinant collagen recovery from Pichia in order to remove the foldon region and improve ease of recovery by hydrolysis of HCP. Cleaveage also provides the form ready for assembly into fibers (30) . Both hydroxylated and non-hydroxylated forms of rCIα1 have proven to be resistant to pepsin (15) when treatment takes place below their triple helix melting temperatures, making pepsin addition an attractive processing option for simplifying purification from host cell proteins.
This work addresses 1) optimal pH for rCIα1 extraction from whole milled corn seed, 2) the sodium chloride concentration providing the best purity and yield for precipitation of rCIα1 from a corn seed matrix, 3) the effect of pepsin digestion of HCP on rCIα1 yield and purity in the precipitate, and 4) the effect of deferring foldon cleavage until after recovery. Because current transgenic corn lines have low rCIα1 accumulation levels, an experimental model has been developed in which Pichia-derived rP-CIα1 has been spiked at 0.25 mg/mL into the extraction buffer, equivalent to complete extraction of a recombinant protein expressed at the level of 1 mg/g of dried solid. This accumulation level has been approached (e.g. porcine α-lactalbumin has been expressed at 0.4 mg/g in transgenic corn seed (31) ) and would be a reasonable target for a lower-valued protein. Spiking the extraction buffer with rP-CIα, using the forms with and without the foldon, 1prior to corn extraction was designed to mimic potential interactions within the soluble matrix that corn-expressed rCIα1 would undergo. The corn line chosen, which currently expresses low levels of rCIα1, provides the properties and concentration of native corn components characteristic of a potential transgenic variety. A comparison of this spiking approach with recovery from truly transgenic grain validated this approach for β-glucuronidase o C) and 100 g of cell suspension were added to a beadmill with ice water in the jacket (BeadBeater, Biospec Products, Bartlesville OK) and milled for 10 min, held for 10 min, and milled an additional 10 min. The lysate was decanted from the beads through a mesh, and the process was repeated until all the cell suspension was disrupted.
MATERIALS AND METHODS

Materials
The beads were washed with 50 mL additional cold lysis buffer after the final milling to remove residual lysate, and the decanted lysates were combined.
Collagen Stock Preparation
The source of the rP-CIα1 with foldon for precipitation studies was the Pichia lysate. 
Ultrafiltration of Pichia-derived Collagen
To determine whether the green contaminant, which was evident on rehydration of the freeze-dried Pichia, could be removed by ultrafiltration, 10 mL of the rehydrated cell supernatant Thus, ultrafiltration of the RASP was performed using a Millipore TFF system fitted with a 50 cm 2 Pellicon XL filter cartridge (50 kDa MWCO Biomax PES membrane). The 76 mL of RASP were diafiltered at a crossflow rate of 38 mL/min with a transmembrane pressure between 12.5 and 14.5 psi by periodic addition to the retentate of a total 100 ml of 0.01 M hydrochloric acid (4 o C), then continuing until the retentate volume was reduced to approximately 25 mL.
Milling and Defatting
Whole transgenic corn seed containing rCIa1 was cracked and milled using a Witt 
Total Protein Microplate Assay
The Bradford Coomassie Total Protein microplate assay from Thermo-Pierce was used to determine total protein concentrations relative to BSA standards. decanted and the pellets were redissolved in unspiked extraction buffer followed by HPLC-SEC.
HPLC-SEC Assay for Collagen Content
SDS-PAGE
Samples were prepared by 1:2 dilution in a preparatory aqueous sample buffer (pH ~ 8. 
Statistical Analysis
Two full-factorial ANOVA statistical analyses were performed using JMP Software (SAS). The variables tested in the first were pH, sodium chloride concentration and digestion for their effect on purity, yield and purification factor. The error estimate for a 95% confidence interval was based on pooled standard deviation values with df = 4. Statistically significant groupings from ANOVA (Tukey's least square mean difference test) are identified by lettering in all Figures below. In the second design, the same parameters were used for testing the variables of NaCl concentration and foldon presence.
Calculations
From the collagen and total protein concentrations of the initial extracts and redissolved precipitates yield, Y, purity, P, and purification factor, PF, were calculated as follows:
where m is mass, C is concentration, and i and f refer to initial and final values, respectively.
RESULTS AND DISCUSSION
Collagen Assay
Collagen can be seen (Figure 1 ) to elute separately from the HCPs in HPLC-SEC.
Preparation and separation in guanidine hydrochloride dissociates the collagen molecule into monomers of approximately 90 kDa -still significantly larger in molecular weight than the HCPs. Thus, collagen recovery and purity can be determined from the separate chromatographic areas corresponding to collagen and HCP (15) . The calculated concentration from the SEC peak area matched the measured addition to the extract within 2%. Figure 2 illustrates the role of pH and salt concentration on collagen precipitation. At pH 6, little collagen was recovered. At pH 2 and 4, yields and purities were comparable but achieved at lower salt concentrations for pH 4. Decreased purification at the highest salt concentration is the combined result of lower collagen yield and higher HCP co-precipitation (confirmed qualitatively by SDS-PAGE, not shown). HCP present in precipitates from pH 2 and pH 4 samples were similar at the same NaCl levels, but increased with NaCl addition: 0.08, 0.13 and 0.17 mg/mL at 0.5, 1.0 and 1.5 M NaCl, respectively.
Screening of rCIa1 w/o foldon Precipitation Conditions without Pepsin Pretreatment
The best of the tested conditions for precipitation of rP-CIα1 from the corn extract was pH 4 and 0.5 M NaCl. Purification factors of 1.41+0.13 were achieved for pH 2 (1.0 M NaCl) and pH 4 (0.5 and 1.0 M NaCl). ANOVA analysis showed that both pH and NaCl were significant factors affecting the purity, yield and purification factors. However, pH 2 and 1.0 M NaCl were not statistically different from precipitations performed at pH 4 and 0.5 M and 1.0 M NaCl as indicated by their common lettering (Figure 2 ). Therefore, pH 2 was selected for further trials as it is the condition used for extraction and thus does not require a pH adjustment step.
rCIa1 w/o foldon Precipitation Conditions with Pepsin Pretreatment
The possibility of improved purification using pepsin digestion of HCP in the extract was That the precipitate at low salt concentrations is mainly HCPs suggested that a two-step addition of salt could result in an initial removal of the least soluble HCP, followed by an enriched product cut in the second step. Therefore, a precipitation at 0.25 M NaCl was followed by precipitation from the 0.25 M supernatant at 1.0 M NaCl. From an initial HCP content in the original extract of 1.22 mg/mL, HCP's were reduced to 0.0207 mg/mL in the 0.25 -1.0 M NaCl fraction, in contrast to 0.056 mg/mL for precipitation directly at 1.0 M NaCl. Although purity increased to 95%, collagen yield dropped significantly to 89%. Of the HCP in the fractional cut, a wash step was able to remove 30%, raising the purity to 96.6% but reducing yield to 86%.
Recovery and Purification of rP-CIa1 with Foldon from Disrupted Pichia Cells
From the pH 7.4 extraction of 30 g of freeze-dried cells, a total of 89.9 mg of rP-CIa1 with and without foldon were recovered in the RASP (Table 1 ). An additional 75.4 mg of rP-CIa1 with and without foldon was lost to rehydration and wash liquids.
Subsequent ultrafiltration of the RASP using a Millipore TFF system and Pellicon 50 kDa MWCO membrane provided a purity of 69.6 % at a concentration of 0.61 mg total collagen/mL.
Identification of rP-CIa1 with Foldon via HPLC-SEC
Each of the recovered fractions was analyzed for rCIa1and rCIa1with foldon at 220 nm and for host proteins at 280 nm. With rP-CIa1with foldon showing absorbance at both 220 and 280 nm, the 220 nm absorbance area was used to determine mass, and the 280 nm signature was used to determine identity. The CIa1-containing region of rP-CIa1with foldon will be identical to that of the standard; therefore, the absorbance relationship to mass was assumed to be the same. The foldon peptide region contains 17% aromatic amino acid content, and is expected to display significantly higher absorbance at 280 nm than rP-CIa1 without foldon, which contains 2.9%.
The RASP retentate from ultrafiltration showed two high molecular weight A220 peaks ( Figure 7 ): one at 7 min, matching the elution time of the rP-CIa1 standard; and a larger peak at 6 min, which would have a higher molecular weight than the rP-CIa1. This peak at 6 min also had a corresponding A280 peak, thus both size and absorbance indicate this is rP-CIa1with
foldon. Based on this assay, purity of the ultrafiltered RASP was 69.6% with 58.4 % of the collagen content having the foldon attached. No absorbance at 440 nm indicated removal of a green contaminant from this material.
Additional Confirmation of rP-CIa1with Foldon
Several experiments provided additional confirmation of the 7 min elution peak as being (Table 2) . Other peaks present before digestion showed little change after digestion, but there was some increase in A220 beyond 10 min consistent with the presence of some degradation products.
Direct confirmation of the identity of rP-CIα1with foldon was made by Western Blotting.
The ultrafiltered RASP material was separated by SDS-PAGE and compared to the purified rP-CIα1 (without foldon) reference standard, rP-CIα1 (without foldon) spiking material, and prestained molecular weight standards for transfer to the PVDF membrane. The presence of the foldon sequence was identified only in the ultrafiltered RASP at the approximate molecular weight of 120 kDa corresponding to rP-CIα1 (Figure 8 ). The additional molecular weight of the foldon peptide could not be discriminated from non-foldon containing rP-CIα1 via SDS-PAGE during these trials. The rP-CIα1 high purity standard and rP-CIα1 used for comparison had been pretreated with pepsin to remove foldon, and foldon was not detected by Western blotting.
The full amino acid sequence of rCIα1with foldon expressed in corn has been reported including the helical regions, the C-and N-terminal telopeptides and the foldon domains (7). The pIs for those sequences, with and without foldon, were estimated using ProtCalc3 v3.3 online protein calculator to be pH 9.3 (with foldon) and pH 9.4 (without foldon). A 2-D separation using isoelectric focusing and SDS-PAGE of the ultrafiltered RASP produced two approximate pI values at the expected molecular weight of 120 kDa: pH 9.1 and pH 7.3. The difference in pI of those spots cannot be accounted for by either removal of the foldon or removal of the telopeptides. One would have to suspect some other post-translational modification.
Confirmation of which spot includes the foldon was not pursued in this work.
Precipitation of rP-CIa1 with and without Foldon from Corn Extracts
Separate whole corn extracts were prepared containing rP-CIa1 either with or without foldon at levels of 0.25 mg/mL. HPLC-SEC analysis of the initial spiked extracts confirmed rPCIa1 concentrations to be 0.247 mg/mL and 0.252 mg/mL, respectively. Average concentrations after addition of sodium chloride were 0.195 mg total collagens/mL. If this represents the solubility of rP-CIα1 at high NaCl concentrations, a starting concentration of >0.95 mg/mL would be required for >90% purity given the same host cell protein concentration.
CONCLUSIONS
• High recovery and purities of CIα1 without foldon from corn extracts were achieved at the extraction pH with optimal choice of salt concentration. A single precipitation gave complete recovery and greater than 70% purity. Fractional precipitation provided 95% purity with yield lowered to 89%.
• In contrast to other plant hosts, epsin pretreatment of the extract provided modest increase in purity at the cost of 6% yield loss and additional process complexity. The small impact of the pepsin pretreatment reflected the relatively small extent of hydrolysis of corn HCP.
• Delaying pepsin treatment until after precipitation of the foldon-intact form resulted in lower purity but still high yield showing that recovery of this form is feasible from the corn host. The resulting volume reduction would reduce pepsin requirements in a subsequent foldon cleavage step. 
